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METHOD AND APPARATUS FOR IMPROVING EFFICIENCY IN A 
SWITCHING REGULATOR AT LIGHT LOADS 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates generally to power supplies and, more 
specifically, the present invention relates to a switching regulator. 

Background Information 

Electronic devices use power to operate. Switched mode power supplies 
are commonly used due to their high efficiency and good output regulation to 
power many of today's electronic devices. In a known switched mode power 
supply, a low frequency (e.g. 50 or 60 Hz mains frequency), high voltage 
alternating current (AC) is converted to high frequency (e.g. 30 to 300 kHz) AC, 
using a switched mode power supply control circuit. This high frequency, high 
voltage AC is applied to a transformer to transform the voltage, usually to a lower 
voltage, and to provide safety isolation. The output of the transformer is rectified 
to provide a regulated DC output, which may be used to power an electronic 
device. The switched mode power supply control circuit usually provides output 
regulation by sensing the output and controlling it in a closed loop. 

A switched mode power supply may include an integrated circuit 
switching regulator, which may include an output transistor coupled in series with 
a primary winding of the transformer. Energy is transferred to a secondary 
winding of the transformer by turning on and off of the output transistor in a 
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manner controlled by the switching regulator to provide a clean and steady source 
of power at the DC output. The transformer of a switched mode power supply 
may also include another winding called a bias or feedback winding. In some 
switched mode power supplies, the feedback or control signal can come through 
an opto-coupler from a sense circuit coupled to the DC output. The feedback 
control signal may be used to modulate a duty cycle of a switching waveform 
generated by the switching regulator. The duty cycle is defined as the ratio of the 
on time to the switching period of the output transistor. If there is a large load at 
the DC output of the power supply, the switching regulator responds to this 
situation by increasing the duty cycle and thereby delivering more power to the 
load. If the load becomes lighter, then the switching regulator senses this change 
through the feedback signal and reduces the duty cycle. 

If the load is further reduced and if the power delivered to the DC output 
cannot be reduced indefinitely, then the DC output voltage increases, resulting in 
poor output regulation. This unfavorable situation becomes worse if the load is 
completely removed. To improve the output regulation, a constant load may be 
connected internal to the power supply. However, because the internal load is 
always connected, even when there is no load at the DC output, the power supply 
efficiency is decreased. The power supply efficiency loss is generally due to three 
components: (1) DC operating power that keeps the switching regulator circuitry 
operating, (2) the switching losses that are due to switching of the switching 
regulator output transistor and its drivers-switching losses are directly 
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proportional to the operating frequency, and (3) the power that is consumed by the 
internal load. 

In order to improve efficiency, a switching regulator may use a method 
called cycle skipping. Cycle skipping method involves reducing the duty cycle as 
the load decreases, and when the duty cycle is reduced down to a predetermined 
minimum duty cycle, it alternatively switches for some duration of time and stays 
idle for another duration of time depending on the load. During this mode, if the 
load increases very slightly, the output transistor will switch at minimum duty 
cycle for a short time until the power demanded by the load is delivered and then 


stop switching again. In theory, the cycle skipping mode decreases the switching 
losses at light loads since switching occurs as intermittent groups of pulses. Also, 
cycle skipping eliminates the need for the constant internal load. However, if the 
groups of pulses occur at a frequency that is within the audio range and the 
minimum duty cycle is larger than optimum, then the power supply may create an 
undesirable audio noise. In addition, cycle skipping degrades the output ripple 
since it typically occurs in groups of pulses and therefore the energy is delivered 
to the load intermittently. 
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SUMMARY OF THE INVENTION 

Switching regulator methods and apparatuses are disclosed. In one 
embodiment, a switching regulator includes a power switch coupled between first 
and second terminals. The first terminal is to be coupled to an energy transfer 
element of a power supply and the second terminal is to be coupled to a supply 
rail of the power supply. A control circuit is coupled to a third terminal and the 
power switch. The third terminal is to be coupled to an output of the power 
supply. The control circuit is coupled to generate a feedback signal responsive to 
the output of the power supply. The control circuit is coupled to switch the power 
switch in response to the feedback signal. The control circuit is coupled to switch 
the power switch at a fixed switching frequency for a first range of feedback 
signal values and coupled to vary a switching frequency of the power switch 
without skipping cycles in response to the feedback signal for a second range of 
feedback signal values. Additional features and benefits of the present invention 
will become apparent from the detailed description, figures and claims set forth 
below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention detailed illustrated by way of example and not 
limitation in the accompanying figures. 

Figure 1 is a schematic illustrating one embodiment of a power supply 
5 including a switching regulator in accordance with the teachings of the present 
invention. 

Figure 2 is a schematic illustrating one embodiment of a switching 
regulator in accordance with the teachings of the present invention. 

Figure 3 is a timing diagram illustrating waveforms of one embodiment of 
10 switching regulator operating at full frequency in accordance with the teachings of 
the present invention. 

Figure 4 is a timing diagram illustrating waveforms of one embodiment of 
switching regulator operating at a lower frequency in accordance with the 
teachings of the present invention. 
15 Figure 5 is a diagram illustrating one embodiment of a relationship 

between frequency and current in one embodiment of switching regulator in 
accordance with the teachings of the present invention. 

Figure 6 is a diagram illustrating one embodiment of a relationship 
between duty cycle and current in one embodiment of switching regulator in 
20 accordance with the teachings of the present invention. 
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DETAILED DESCRIPTION 

Method and an apparatus for regulating a power supply are disclosed. In 
the following description, numerous specific details are set forth in order to 
provide a thorough understanding of the present invention. It will be apparent, 
5 however, to one having ordinary skill in the art that the specific detail need not be 
employed to practice the present invention. In other instances, well-known 
materials or methods have not been described in detail in order to avoid obscuring 
the present invention. 

! 3 | l The present invention improves the efficiency of a power supply switching 

m 

Q 10 regulator with pulse width modulation by decreasing the operating frequency at 

CO 

light loads. Switching losses are decreased with one embodiment of the present 

i;n 

invention since switching losses are directly proportional to operating frequency, 
lis Audio noise problems associated with present day switching regulators are no 

q longer a problem because the minimum operating frequency of a switching 

j i 

q 15 regulator in accordance with the teachings of the present invention is chosen to be 

above audible frequency. One embodiment of the present invention also improves 
output ripple since the pulse width modulation is continuous in nature and not 
intermittent. 

To illustrate, Figure 1 is a block diagram showing a power supply 101 
20 including one embodiment of a switching regulator 139 in accordance with the 
teachings of the present invention. As shown, a bridge rectifier 105 and capacitor 
107 are coupled to rectify and filter an input alternating current (AC) voltage 
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received at AC mains 103. In one embodiment, a positive power supply rail 108 

and a ground power supply rail 106 are provided across capacitor 107. The 

rectified voltage generated by bridge rectifier 105 and capacitor 107 is received at 

a primary winding 1 15 of an energy transfer element, such as transformer 1 13. In 

5 one embodiment, transformer 1 13 includes a secondary winding 117 and a bias 

winding 119. Diode 121 and capacitor 123 rectify and filter DC output 129, 

whereas diode 125 and capacitor 127 rectify and filter the bias winding. 

The switching regulator 139 includes a drain terminal 141 coupled to the 

j*| primary winding 115 and a source terminal 143 coupled to the ground rail 106. In 

CP 

□ 10 one embodiment, switching regulator 139 includes a control circuit 149, which 

\** generates a drive signal 161 to switch a power switch 147 to transfer the energy to 

^ the secondary winding 1 17 using transformer 1 13. Diode 111 and Zener 109 are 

X~ used for clamping the drain terminal 141. 

?=j A load 130 is configured to be coupled across output 129. A feedback 

q 15 loop is formed from output 129 through output sense circuit 131 to a control 

terminal 145 of the switching regulator 139. The feedback loop includes the 
output sense circuit 131 and opto-coupler 133. The opto-coupler 133 includes a 
transistor 135 that is optically coupled to a photodiode 137. An output sense 
signal 146 responsive to output sense circuit 131 is coupled to be received by 
20 control terminal 145 of the switching regulator 139. Output sense signal 146 may 
be a current or a voltage. The combined bias supply current as well as the 
feedback current is provided to the control terminal 145 by the opto-coupler 133 
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using the bias winding 1 19. Thus, the control terminal 145 may be characterized 
as a supply voltage (V s )/feedback terminal for switching regulator 139. This 
control terminal 145 is therefore frequently referred to as a combined electrical 
terminal. An external capacitor 151 is connected between control terminal 145 
5 and ground. 

Figure 2 is a schematic illustrating one embodiment of a switching 
regulator 239 in accordance with the teachings of the present invention. In one 
embodiment, switching regulator 239 of Figure 2 may be utilized in place of 
switching regulator 139 of Figure 1. As shown, an example embodiment of 

10 switching regulator 239 includes a power switch 247 coupled between a drain 

terminal 241 and a source terminal 243. A gate of power switch 247 is coupled to 
be switched in response to a drive signal 261 generated by control circuit 249. 

Control circuit 249 includes a feedback signal circuit 349 coupled to 
generate a feedback signal 248 responsive to an output sense signal 246 coupled 

15 to be received by control terminal 245. In one embodiment, an internal bias 
current for switching regulator 239 during normal operation is provided by an 
internal shunt regulator coupled to control terminal 245. In one embodiment, an 
external capacitor, such as capacitor 151 of Figure 1, is coupled to control 
terminal 245. For instance, one embodiment of switching regulator 239 is 

20 powered after an initial turn-on by current into control terminal 245 through opto- 
coupler 133 from output sense circuit 131, which is coupled to the output 129 of 
power supply 101, as shown in Figure 1. Part of the current that goes into control 
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terminal 245 powers up the circuitry of switching regulator 239 and the remainder 
is shunted to ground by the shunt regulator. Feedback signal 248 is extracted 
from the amount of current that is shunted to ground. If there is a substantial load 
130 coupled to the output 129 of power supply 101, then all available current goes 
5 to the load. 

To illustrate, attention is directed to feedback signal circuit 349 of Figure 
2. As shown, comparator 456 includes a positive terminal coupled to an internal 
reference voltage. The negative terminal of comparator 456 is connected to a 
voltage that is a fraction of the control terminal 245 voltage through a voltage 

10 divider network of resistors including resistors 202 and 203. Comparator 456 
compares the internal reference voltage to the fraction of control terminal 245 
voltage. If the internal reference voltage is lower than the fraction of control 
terminal 245 voltage, indicating that the control terminal 245 voltage is at the 
nominal voltage, the output of comparator 456 goes low, turning on transistor 

15 204. Any excess current that is going into the control terminal 245 is shunted to 
ground through transistors 204 and 205. Since the transistors 205 and 207 form a 
current mirror, a proportional fraction of this shunt current is used as the feedback 
current in transistor 207. The feedback current is converted to a feedback voltage 
signal through resistor 206, from which feedback signal 248 is generated. 

20 An example embodiment of control circuit 249 includes a pulse width 

modulator (PWM) circuit 348. PWM circuit 348 generates drive signal 261 in 
response to feedback signal 248, which is used to control the duty cycle of power 
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switch 247. PWM circuit 348 includes an oscillator 449 that generates three 
signals: SAW 451, CLOCK 453 and DMAX 455. As illustrated, the DMAX 455 
signal is high during the ramp-up of SAW 451 and DMAX 455 is low during the 
ramp-down of SAW 451. In one embodiment, the CLOCK 453 signal is a short 
pulse generated at the low to high transition of DMAX 455. The CLOCK 453 
signal is coupled to the S input of flip-flop 463 to set flip-flop 463. 

When the CLOCK 453 signal goes high, the Q signal output of the flip- 
flop 463 goes high and remains high until the flip-flop 463 is reset by the R input 
of flip-flop 463 going high at a later time. The Q signal output of flip-flop 463 is 
coupled to one of the inputs of the NAND gate 465. The other input of the 
NAND gate 465 comes from the DMAX 455 signal of the oscillator 449. Since 
DMAX 455 is also high during this time, the output of NAND gate 465 is low and 
the output of the inverter 469 is high. In one embodiment, the output of inverter 
469 is drive signal 261 coupled to switch power switch 247. 

When drive signal 261 is high, the power switch 247 is on. In one 
embodiment, drive signal 261 is coupled to turn off power switch 247 when either 
of the following conditions are met: the reset R input of the flip-flop 463 goes 
high, or, DMAX 455 of oscillator 449 goes low, which corresponds to maximum 
duty cycle condition during start-up or an overload condition. The reset R input 
of the flip-flop 463 goes high if the output of the comparator 457 goes high, or, if 
the current limit signal input of OR gate 458 goes high. 
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As shown, one input of OR gate 458 is coupled to receive the current limit 
signal and the other input of OR gate 458 is coupled to receive an output of 
comparator 457. In one embodiment, the current limit signal going high indicates 
that the current through the power switch 247 has exceeded a prescribed limit and 
the power switch 247 is immediately turned off. The output of comparator 457 
goes high when the SAW 451 signal of oscillator 449 is higher than the feedback 
signal 248 coming from the drain of transistor 207. In one embodiment, the 
feedback signal 248 is a very slow moving signal-almost a DC level signal in 
comparison to the SAW 451 signal of oscillator 449. In one embodiment, the 
SAW 451 signal is a 100 kHz saw-tooth signal. 

In one embodiment, PWM circuit 348 operates under at least three 
different conditions: (1) when the feedback signal 248 is less than the "valleys" of 
the SAW 451 signal, (2) when the feedback signal 248 is greater than the "peaks" 
of the SAW 451 signal, and (3) when the feedback signal 248 is in between the 
"peaks" and "valleys" of the SAW 451 signal. 

When there is a considerable current through the resistor 206, there is a 
corresponding voltage drop across resistor 206 and feedback signal 248 is below 
the "valleys" of the SAW 451 signal. In one embodiment, a large amount of 
current through the resistor 206 indicates that there is large amount of current 
being dumped into the control terminal 246, which in turn indicates that the power 
demand by load 130, which is coupled to the output 129 of power supply 101, is 
low. In this situation, the positive terminal of the comparator 457 is always 
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greater than the negative terminal and the output of the comparator 457 is always 
high, which keeps the R input of flip-flop 463 high through OR gate 458. When 
CLOCK 453 signal sets the flip-flop 463 through the S input, the Q output of flip- 
flop 463 is ready to go high and pull the gate of power switch 473 high to turn on 
5 power switch 473. However, since R input of the flip-flop 463 is kept high, the 
flip-flop 463 is reset immediately and the Q output of flip-flop 463 goes back 
down immediately, never allowing the power switch 247 to turn on. 

In one embodiment, the feedback signal 248 is greater than the "peaks" of 
iR the SAW 451 signal when there is not enough current through the resistor 206 to 

10 drop the voltage of feedback signal 248 down. In one embodiment, this is the 
case when the output 129 is heavily loaded by load 130. In this situation, the 
positive terminal of the comparator 457 is always less than the negative terminal 
and the output of the comparator 457 is always low, keeping the R input of flip- 
flop 463 low and never resetting the flip-flop 463. This means that after the 
15 CLOCK 453 signal turns on the power switch 473 by setting the flip-flop 463, 
which makes the Q output of flip-flop 463 go high, the power switch 247 is not 
turned off until the DMAX 455 signal goes from high to low, or until the power 
switch 247 reaches current limit, allowing the output transistor to remain on for 
the maximum duty cycle or until power switch 247 reaches its current limit. 
20 In one embodiment, when the feedback signal is less than the "peaks," but 

greater than the "valleys" of the SAW 451 signal, the power supply 101 is 
operating within its nominal load range. In this case, PWM 348 will set the 
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proper duty cycle for drive signal 261 in response to feedback signal 248 to keep 
the output 129 of power supply 101 regulated. 

In one embodiment, control circuit 249 also includes a timer circuit 347 in 
accordance with the teachings of the present invention. In one embodiment, if the 
duty cycle of drive signal 261 is larger than 10%, the switching regulator 239 
operates at a full frequency. In one embodiment, the full frequency is 100 kHz. It 
is appreciated of course that actual values provided in this disclosure, such as the 
100 kHz frequency value, are provided for explanation purposes and that other 
actual values may be utilized in accordance with the teachings of the present 
invention. For purposes of this disclosure, the duty cycle of drive signal 261 is 
equal to the on-time of drive signal 261 divided by the period T of drive signal 
261. The period T is equal to the on-time + off-time of drive signal 261. Thus, 
for a drive signal 261 with a full frequency of 100 kHz, the period T of each cycle 
of drive signal 261 is equal to 1/100 kHz or 10 jjis and the on-time of a 10% duty 
cycle signal is equal to 1 |xs. Thus, the off-time of a 10% duty cycle signal is 
equal to 10 (as - 1 |is, or 9 jas. It is appreciated that PWM circuit 348 adjusts the 
duty cycle of drive signal 261 in response feedback signal 248, which is 
responsive to the level of the load 130 coupled to output 129 as well as the input 
voltage of power supply 101. 

In one embodiment, there are two modes of operation for a switching 
regulator 239 in accordance with the teachings of the present invention-full 
frequency and low frequency. In one embodiment, the on-time of the power 
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switch 247, which is responsive to feedback signal 248, determines whether 
switching regulator 239 operates at full frequency or low frequency. In one 
embodiment, when the on-time of drive signal 261 is greater than 1 |lis, the PWM 
circuit 348 operates in full frequency mode. When the on-time of drive signal 261 
is less than 1 |is, the PWM circuit 348 operates in low frequency mode. 
Therefore, since the duty cycle of drive signal 261 is responsive to feedback signal 
248, the PWM circuit 348 operates in full frequency mode for one range of values 
for feedback signal 248 and PWM circuit 348 operates in low frequency mode for 
another range of values for feedback signal 248. 

In one embodiment, switching regulator 239 is operated in full and low 
frequency modes as follows. A signal designated TMIN 257 is derived from the 
DMAX 455 signal. In one embodiment, TMIN 257 includes a pulse that is 
generated at each rising edge of DMAX 455. As illustrated, the duration of the 
pulse of TMIN 257 is determined by a capacitor 353 and current sources 351 and 

352. In one embodiment, capacitor 353 is coupled to be discharged through 
current sources 351 and 352 through transistor 210. In one embodiment, current 
source 351 draws charge at a rate 30 times greater than current source 352 from 
capacitor 353. When both current sources 351 and 352 are on at the same time to 
discharge capacitor 353, the duration of the TMIN 257 pulse width will be 1 \is, 
10% of the full frequency period of one embodiment of drive signal 261. In one 
embodiment, the current source 352 is always activated to discharge capacitor 

353. However, the current source 351 is only activated to discharge capacitor 353 
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when the output of inverter 479 is high, or output of AND gate 478 is low. In one 
embodiment, AND gate 478 output will always be low if the gate of power switch 
247 is on for longer than 1 jlis since AND gate 478 combines an inverted drive 
signal 261 (from the output of NAND gate 465) with TMIN 257. In one 
embodiment, when the drive signal 261 is on for longer than 1 \is, the AND gate 
478 output remains low and transistor 201 remains on to keep oscillator 449 
unaffected. In one embodiment, the frequency of drive signal 261 remains 
constant at 100 kHz in this case. 

In one embodiment, as the duty cycle of drive signal 261 falls below 10% 
in response to feedback signal 248, the switching regulator 239 goes into low 
frequency operation. In one embodiment, as the duty cycle of drive signal 261 
drops below 10%, or the on-time of drive signal 261 falls below 1 jxs, the output 
of the NAND gate 465 goes high while TMIN 257 is still high. During this time, 
if the status of drive signal 261 was determined through the feedback signal 248, 
instead of the current limit signal received at the input of OR gate 458, the output 
of the comparator 456 is also high. With all of the inputs of AND gate 478 being 
high, the output of AND gate 478 goes high and turns off transistor 201, cutting 
off the current into the oscillator 449 and suspending oscillations generated by 
oscillator 449. 

In one embodiment, oscillator 449 maintains the value of SAW 451 at its 
last voltage magnitude, and the signals CLOCK 453 and DMAX 455 stop 
switching in response to oscillator 449 being suspended in response to transistor 
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201 being turned off. In one embodiment, when the output of AND gate 478 goes 
high, the output of inverter 479 goes low and transistor 208 turns off, which 
deactivates the current source 351 from discharging capacitor 353. Since the 
current that discharges the capacitor 353 is 31 times smaller now that current 
source 351 deactivated, capacitor 353 discharges at a slower rate and remains 
charged for a longer amount of time. Consequently, the remaining on-time of 
TMIN 257 is increased by 31 times. As a result, the pulse width of TMIN 257 is 
increased from a fixed 1 \i$ value to the value determined by the following 
equation: 

For DSPW > ljis: TMINPW = 1 [is; 

for DSPW < l|As: TMINPW = ((1 \i& - DSPW) * 31) + DSPW (Eq. 1) 
where TMINPW is TMIN 257 pulse width and DSPW is drive signal 261 pulse 
width. 

The oscillator 449 is suspended from switching for the duration of TMIN 
257 pulse width minus the drive signal 261 pulse width and then released. When 
released, the operation of oscillator 449 resumes from where it left off and SAW 
451 signal ramps up from the point at where it had been suspended. Accordingly, 
the switching period of drive signal 261 is increased from 10 \is of full frequency 
operation to a value determined by the following equation: 

For DSPW < l^is: LFPDS = (TMINPW - DSPW) + 10 [is (Eq. 2) 

where LFPDS is low frequency period of drive signal 261 and TMINPW is TMIN 
257 pulse width. 
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To illustrate, Figures 3 and 4 show full frequency and low frequency 
operation, respectively, of a switching regulator in accordance with the teachings 
of the present invention. In particular, Figure 3 shows full frequency operation, 
which in one embodiment occurs when feedback signal 248 is in a range that 
5 causes the duty cycle of drive signal 261 to be greater than 10%. As shown in 
Figure 3, feedback signal 248 is in between the "peaks" and "valleys" of SAW 
251 signal. SAW 251 signal rises in from "valley" to "peak" in 6 |is and falls 
from "peak" to "valley" in 4 |xs, which results in a full operating frequency of 100 
kHz. In the example shown, drive signal has an on-time of 2 jxs or a duty cycle of 
10 20%, which is greater than 10%. Accordingly, switching regulator 239 operates 
in full frequency mode. The inverted drive signal 259 keeps both current sources 
351 and 352 activated all the time, allowing capacitor 353 to be discharged at the 
faster rate for an entire 1 (as . Thus, TMIN 257 has a pulse width or on-time of 1 
pis. 

15 In comparison, Figure 4 shows low frequency operation, which in one 

embodiment occurs when feedback signal 248 is in a range that causes the duty 
cycle of drive signal 261 to be less than 10%. In the particular example illustrated 
in Figure 4, the on-time of drive signal 261 is only 0.5 |xs, which is less than 1 ^is. 
As shown, since the on-time of drive signal 261 is only 0.5 jxs, which is less than 

20 1 (is, capacitor 353 is still not fully discharged when current source 351 is 

deactivated and oscillator 449 is suspended. As shown, SAW 251 signal is caused 
to be held at the voltage when oscillator 449 was suspended and TMIN 257 now 
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remains high for more than 1 fis since capacitor 353 is discharged at a slower rate 
as a result of current source 351 being deactivated. Indeed, as shown, TMIN 257 
remains high for the next 0.5 jas * 31 = 15.5 [is. After TMIN 257 goes low, the 
operation of oscillator 449 is resumed and SAW 251 signal continues to oscillate 
5 from where it left off to rise to its "peak" in 5.5 [is and subsequently fell to its 
"valley" in the normal 4 |^s. 

In the illustrated example of Figure 4, the switching frequency of drive 
signal 261 is reduced down to 39.2 kHz and the period of the drive signal has 

Q 
* B 

: ;= been increased to 25.5 (is (0.5 [is + 15.5 \is + 5.5 |xs + 4 (as). If the voltage of 

i;n 10 feedback signal 248 goes down more, the switching frequency of drive signal 261 

£.n decreases further in accordance with the teachings of the present invention. Note 

! = = that the frequency of drive signal 261 is reduced without skipping cycles of drive 

; s? ! signal 261 in accordance with the teachings of the present invention. Instead, the 

! a y 

period of each cycle is increased to reduce the frequency of drive signal 261. In 
15 one embodiment, both the on-time and the off-time of each cycle of the drive 

signal 261 are adjusted simultaneously when increasing the period of the drive 

signal 261 in accordance with the teachings of the present invention. 

In one embodiment, the lowest frequency that the power supply controller 

can go to can be calculated using the formulas above. In particular, assuming that 
20 the as the feedback signal 248 voltage decreases down to the voltage of the 

"valleys" of the SAW 251 signal, the on-time of drive signal 261 reduces to a 
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substantially zero or negligible amount. In this case, using Equations 1 and 2 
above: 


where TMINPW is TMIN 257pulse width and LFPDS is low frequency period of 
drive signal 261. Thus, the period of drive signal 261 at the lowest frequency in 
this particular embodiment is 41 [is. 

The low frequency period of 41 [is corresponds to a frequency of 1/41 [is, 
or 24.4 kHz. Since the lowest switching frequency of 24.4 kHz is higher than the 
human audible frequency range of 20 to 20 kHz, a power supply 101 regulated 
with a switching regulator in accordance with the teachings of the present 
invention will not produce any audible noise, even at its lowest frequency. 

Referring back to the embodiment shown in Figure 2, timer circuit 347 
also includes a transistor 212 switched in response to the output of AND gate 478. 
Transistor 212 acts as a switch to allow current to flow through resistor 211. The 
purpose of resistor 211 and transistor 212 is to keep the current consumption of 
switching regulator 239 during low frequency operation the same as the current 
consumption was during full frequency operation. As discussed earlier, one 
embodiment of switching regulator 239 is powered by a current into the control 
terminal 245 through opto-coupler 133 from output sense circuit coupled 131 to 
the output 129 of the power supply 101. In one embodiment, part of the current 
that goes into the control terminal 245 powers up the circuitry of switching 


TMINPW = ((1 [is - -0 [is) * 31) H — 0 [is = 31 [is, 


(Eq.3) 


LFPDS = (TMINPW - 0[is) + 10 [is = 41 [is 


(Eq. 4) 


-19- 





t 


• 

003692.P051 


regulator 239 and the remainder of the current is shunted to ground by the shunt 
regulator. The feedback signal 248 is extracted from the amount of the current 
that is shunted to ground. 

As the frequency of drive signal 261 decreases during the low frequency 
5 operation, the power consumed due to switching of the internal circuitry of 

switching regulator 239 decreases, resulting in less current going into the circuitry 
of switching regulator 239 and more current being shunted to ground. As the 
current being shunted to ground increases, the portion of this current that is being 
!'5 used for extracting the feedback signal 248 would also increase, causing the 

□ 10 feedback signal 248 to go lower. Correspondingly, the switching frequency of 

drive signal 261 would then go lower due to decreased current consumption of the 
switching regulator 239. 

is 

Thus, to keep the current consumption of the switching regulator 
i=3 substantially constant, additional current is drawn in low frequency mode 

□ 15 operation through resistor 211 and transistor 212 to compensate for the difference 

in switching losses between full and low frequency operating modes of switching 
regulator 239 in accordance with the teachings of the present invention. If the 
additional current is greater than the reduction of power consumption, then, the 
pulse width modulation gain, i.e. the duty cycle versus control terminal 245 
20 current, will be slightly reduced. 

Figures 5 and 6 are diagrams illustrating the relationships of frequency vs. 
current 561, and duty cycle vs. current 661, respectively, in one embodiment of 
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switching regulator in accordance with the teachings of the present invention. In 
particular, Figure 6 shows that as the current into the control terminal 245 
increases, the duty cycle of drive signal 261 decreases. In one embodiment, the 
duty cycle of drive signal 261 decreases in a linear type fashion relative to the 
5 current into control terminal 245 across the full and low frequency modes of the 
switching regulator in accordance with the teachings of the present invention. 

Figure 5 shows that in one embodiment as the duty cycle of drive signal 
261 decreases, the switching frequency of drive signal 261 remains fixed until the 
duty cycle is reduced to a value such as 10%. As the duty cycle of drive signal 

10 261 falls below 10%, in one embodiment, the frequency of drive signal 261 starts 
to decrease gradually, all the way down to approximately 25 kHz, by which time 
the duty cycle of drive signal 261 goes down to 0%. In one embodiment, the 
frequency of drive signal 261 decreases in a nearly linear type fashion in response 
to control terminal 245 current across the full and low frequency modes of the 

15 switching regulator in accordance with the teachings of the present invention. 

In one embodiment, feedback signal 248 is responsive to the control 
terminal 245 current. Therefore, for one range of feedback signal 248 values, the 
switching regulator 239 operates at a fixed frequency and for another range of 
feedback signal 248 values, the frequency of operation of the switching regulator 

20 239 is decreased in response to the feedback signal 248. In one embodiment, the 
boundary of fixed frequency operation and low frequency operation is a feedback 
signal 248 value that corresponds to a 10% duty cycle. 
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In one embodiment of the present invention, switching regulator 239 is 
operated at a full frequency operation at 130 kHz. In this embodiment, the on- 
time of drive signal 261 that corresponds to the boundary at which switching 
regulator 239 is operated in either full frequency or low frequency can be adjusted 
by adjusting the TMIN 257 time constant when both current sources 351 and 352 
are on. In one embodiment, the minimum frequency of drive signal 261 is 40 
kHz. In another embodiment, switching regulator 239 is operated at a full 
frequency operation at 65 kHz with a minimum frequency for drive signal of 20 


In the foregoing detailed description, the method and apparatus of the 
present invention has been described with reference to specific exemplary 
embodiments thereof. It will, however, be evident that various modifications and 
changes may be made thereto without departing from the broader spirit and scope 
of the present invention. The present specification and figures are accordingly to 
be regarded as illustrative rather than restrictive. 
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